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Traditional  modulation  methods  for  broadband  proton  decoupling  (1-4)  have  now 
been  superseded  by  modern  pulse  techniques  (5)  using  sequences  of  composite  180” 
pulses (6).  Initial  progress  was achieved  with  the  MLEV  decoupling  sequences  (7-9) 
and  guided  by coherent  averaging  theory  (10).  This  approximate  analysis showed  that 
longer  and  more  effective  decoupling  “supercycles”  could  be constructed  from  primitive 
decoupling  sequences according  to an inductive  “expansion  procedure.”  Waugh’s  exact 
theory  of  periodic  decoupling  (II)  further  clarified  the  role  of  expansion  procedures 
(12)  in  terms  of  the  net  rotation  induced  by  the  sequence  of  pulses.  The  particular 
merits  of the  exact analysis were  that  it provided  a simple  criterion  for  good  decoupling, 
allowed  prospective  sequences  to  be  evaluated  by computer  simulation,  and  isolated 
the  effects  of instrumental  shortcomings.  The  WALTZ  decoupling  sequences (13,  14) 
resulted  from  careful  attention  to  the  influence  of  these  imperfections,  in  particular 
the  accuracy  of  the  radiofrequency  phase shifts. 
Applied  to  carbon-  13 spectroscopy,  WALTZ-  16 decoupling  produces  residual  split- 
tings  of  less than  0.1  Hz  over  a  range  of  decoupler  offsets  aB  =  +&.  In  routine 
applications  splittings  as large  as 1 Hz  can  go unnoticed  due  to  coarse digitization  in 
the  frequency  domain  and  line broadening  produced  by sensitivity  enhancement  func- 
tions.  However,  for  more  demanding  applications,  including  the  investigation  of small 
isotope  shifts,  of  couplings  to  other  nuclei,  or of  carbon-carbon  couplings  in  natural 
abundance  (15),  WALTZ-  16 has definite  advantages. 
A  number  of  modified  broadband  decoupling  sequences,  all broadly  based  on  the 
WALTZ-  16 scheme,  have been  introduced  recently  (14-19).  At  2 Hz  carbon-l  3 line- 
widths,  the  best of  these  promises  to  deliver  a 40%  improvement  in  bandwidth  over 
WALTZ-16.  In  fact  this sequence,  dubbed  PAR-75,  gives a bandwidth  comparable  to 
an  earlier  sequence  based  on  composite  pulses  incorporating  short  periods  of  free 
precession  (20).  These  sequences  do  not  restrict  the  pulsewidths  to  multiples  of  90” 
and  therefore  require  more  sophisticated  pulse  programming,  but  the  additional  com- 
plexity  may be justified  for  certain  applications,  such as 19F  decoupling,  where  extremely 
wideband  operation  is required. 
The  present  communication  demonstrates  that  sequences  with  extremely  wide 
bandwidths  may  be devised  by  further  relaxing  the  requirement  of programming  sim- 
plicity.  For  windowless  decoupling  sequences a figure  of  merit  (20) 
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defines  the  decoupling  performance,  2A&,  being  the  range  of offsets  over  which  the 
decoupled  carbon-  13 resonance  peak  height  is at least 80% of its maximum.  Of course 
any  discussion  of bandwidth  depends  critically  on the  actual  linewidths  of the  carbon- 
13 spectra, properly  digitized.  The  new generation  of  sequences cannot  yet substantially 
improve  on  the  performance  of  WALTZ-  16 at linewidths  of 0.25  Hz;  however,  at  1.5 
Hz  linewidths  we  demonstrate  a sequence  giving  a bandwidth  of  9.6  kHz  using  a 2 
kHz  field  (Z  = 4.8).  The  method  used to  engineer  the  present  sequence  departs  from 
straightforward  expansion  procedures  and  relies heavily  on  numerical  nonlinear  op- 
timization.  Deferring  a  detailed  study  to  a  later  publication,  we  briefly  outline  the 
essence of  the  strategy  here. 
Consider  an  isolated  spin  subjected  to  a train  of  m  radiofrequency  pulses.  The  net 
rotation  operator  G for  the  train  is of  the  form 
G =  n,?,  exp(#ljnj  - I)  = exp(@n  * I)  PI 
where  all  symbols  have  their  usual  meanings  (14).  A  sufficient  condition  for  good 
decoupling  is that  the  overall  rotation  angle  /3 x  0  independent  of  the  offset  AR  In 
addition,  since the actual B2  field  is inhomogeneous,  /3 must  be reasonably  independent 
of B2  in the  neighborhood  of the  nominal  value Bq. By restricting  acceptable  solutions 
to  sequences  of  rectangular  pulses differing  in  phase  by  180”,  the  problem  reduces  to 
determining  m  and  aj, j  =  1, . . . , m  such that  p is sufficiently  small  over  the  desired 
operating  range  2AB,,,,,  . Since,  for  each  m,  /3 is a differentiable  nonlinear  function  of 
the  @j, an  iterative  least-squares  method  (21,  22)  might  be tried  for  successive values 
of  m  until  a solution  is found.  This  obvious  method  fails because  iterative  algorithms 
usually  locate  local minima;  the  number  of  such  minima  is a very  steeply  increasing 
function  of  m. 
This  difficulty  is ameliorated  by  proceeding  in  a number  of  stages. (i) Determine  a 
composite  “90”’  pulse,  represented  by P, that  minimizes  (Zz)2 over the  desired  band- 
width.  (ii)  Fix  P and  seek an  operator  Q for  the  sequence  A = PQpo that  minimizes 
t2  where 
[  = (Y(1 -  nz).  [31 
Here  (Y  is the  net  rotation  angle  and  ~1~  is the  Z  component  of  the  net  rotation  axis of 
the  sequence  A; the  rotation  should  therefore  be very  small  or  it  should  be about  the 
Z axis, or both.  (iii)  Invert  the phase of the  first pulse to give R = PQFQ.  (iv) Minimize 
p2 for  the  final  decoupling  sequence  G = mZ?.  (Here  barred  symbols  denote  phase 
inversion.)  The  flip  angles  of the  elements  of P are allowed  to  vary  in  stage (iv).  Even 
with  this  approach  a  satisfactory  solution  was  not  obtained  with  conventional  algo- 
rithms;  it was necessary to  combine  these with  an  intelligent  admixture  of brute-force 
searching  to  give  a  sequence  {/3i}F,  which  eventually  converged  to  an  acceptable 
minimum. 
In  practice,  over  AB =  2.5Bq  we find,  in  units  of  degrees, 
P = 27.1  57.6 122.0 
Q  =  130.8  262.8  65.9  64.6  87.0  98.0  137.2  256.3  71.6  51.1 COMMUNICATIONS  549 
R  = 30.5  55.2  257.8  268.3  69.3  62.2  85.0  91.8  134.5  256.1  66.4  45.9  25.5 
-- 
72.7  119.5  138.2  258.4  64.9  70.9  77.2  98.2  133.6  255.9  65.6  53.4 
The  B2  distribution  was  represented  by  five  equally  weighted  samples  taken  at 
B,/Bq  = 0.925,0.950,0.975,  1  .OOO,  and  1.025,  reflecting  the  skewing  to  values lower 
than  nominal  (14).  The  sequence  G gives an  rms  rotation  ,??  of  only  0.25”  over  this 
range  of  offsets and  B2 amplitudes;  we call this  GARP-  1. 
The  theoretical  performance  may  be judged  either  by  calculating  scaling  factors 
(1 I)  or  by  simulating  the  lineshapes  as a function  of  resonance  offset.  The  influence 
of  B2 spatial  inhomogeneity  can  be estimated  by  performing  the  calculations  for  two 
values,  B*/B!  = 0.9  and  1  .O. Figure  1 shows the  results and  compares  them  with  those 
from  the  modified  WALTZ  sequence  proposed  by  Sklenai  and  Starcuk  (19)  with 
a =  1.33 and  b = 0.33,  and  those  from  the  PAR-75  sequence  suggested by  Fung  (I  7). 
A  decoupling  field  of  yB4/27r  =  2  kHz  and  a line  broadening  of  1.5 Hz  were  used 
throughout.  Note  that  these last two  schemes  are predicted  to  be quite  sensitive  to the 
10% decrease  in  B2 and  would  therefore  be expected  to  perform  poorly  in  a spatially 
inhomogeneous  (or  miscalibrated)  Bz field.  By  contrast,  these  simulations  indicate 
that  the  new  sequence  (Fig.  lc)  has a reasonably  high  tolerance  of  B2 variations  and 
exhibits  a much  improved  operational  bandwidth  (z  = 4.8). 
Experimental  verification  of  these predictions  was carried  out  on  a Varian  XL-200 
spectrometer  under  conditions  previously  described  (14).  Formic  acid  (Jcn  = 22 1 Hz) 
provided  a  convenient  test  case. The  sample,  contained  in  a conventional  10 mm 
tube,  was  spinning  at  7  Hz.  The  instrumental  linewidth  was  Av,,~  =  0.20  Hz  for 
coherent  decoupling  at exact proton  resonance.  The  applied  line  broadening  increased 
this  width  to  1.5 Hz  and  was  used  for  the  experimental  tests. The  digital  resolution 
was 0.1  Hz.  The  carbon-  13 signal was sampled  synchronously  with  the  period  of  the 
decoupling  sequence.  To  remove  any  misleading  effects  due  to  only  partial  nuclear 
Overhauser  enhancements,  the  protons  were saturated  at  exact resonance  throughout 
the relaxation  delay,  which  was generous.  Figure  2 illustrates  the performance  of GARP- 
1 under  these  conditions,  with  the  results  from  Skler&  and  Starcuk’s  sequence  (19) 
and  Fung’s  PAR-75  (17)  included  for  comparison.  The  GARP-1  sequence  is seen to 
maintain  a smaller  residual  splitting  over  a wider  bandwidth.  Although  even  better 
performance  might  be expected  for the longer  sequence mI?RZZI?  (9)  experimental 
tests failed  to  indicate  any  improvement.  For  very  long  sequences,  it  is known  that 
the  simple  theory  of  decoupling  breaks  down  (23). 
Computer  methods  can offer  a useful,  if rather  nonintuitive,  approach  to  the  design 
of complex  sequences  of radiofrequency  pulses, including  composite  pulses for  in  vivo 
spectroscopy  (24).  The  present  sequence  is only  intended  to  illustrate  the  potential  of 
the  technique.  More  elaborate  sequences  can  be  imagined,  taking  into  account  the 
exact  B2 distribution  of  any  particular  probe,  the  exact  rise time  of  the  phase  shifts, 
or  the  exact  chemical-shift  range.  However,  even  in  the  present  case of  contiguous 
phase-alternating  rectangular  pulses,  the  computational  chore  of  minimizing  a non- 
linear  function  of dozens  of flip  angles over a grid  of hundreds  of offset  and  amplitude 
coordinates  is very  substantial.  Special  programming  techniques  will  be  required  to 
include  the  phase or  amplitude  of  the  radiofrequency  field  as a variable. 
The  “improvement”  in bandwidth  we achieve is only  at the  expense of the  attainable 550  COMMUNICATIONS 
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FIG.  1. Simulation  of  lineshapes  (with  a  Lorentzian  broadening  of  1.5 Hz)  as a  function  of  decoupler 
resonance  offset (a) for the  modified  WALTZ  sequence proposed  by SkIen&? and  StarCuk, (b) for  the  PAR- 
75  sequence, and  (c) for  GARP-1.  To  judge  the  effects  of spatial  inhomogeneity  in  Br,  the calculations  were 
carried  out  for  &/Bq  =  0.9  and  I .O.  Note  the degradation  of the  decoupled  resonance  into  a doublet  at the 
edges of the  offset range, particularly  for  B,/B$  =  0.9. These  simulations  suggest  that GARP-1  should  have 
a higher  tolerance  of B2  inhomogeneity  and  a considerably  broader  operational  bandwidth. COMMUNICATIONS  551 
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FIG. 2. The  experimental  performance  of (a) Sklenai  and  Starcuk’s modified  WALTZ  sequence, (b) Fung’s 
PAR-75  sequence, and  (c)  GARP-1,  as a  function  of  the  decoupler  resonance  offset. Spectra  are  plotted 
every  200  Hz  over a  range  of  10 kHz  (yBq/Zr  =  2 kHz).  The  carbon-13  linewidth  (formic  acid  in  acetone- 
d.)  has  been  broadened  to  1.5 Hz. For narrower  lines, all three  sequences  exhibit  noticeable  residual  splittings. 
carbon-  13 resolution,  and  it  should  be emphasized  that  WALTZ-  16 is still by  far  the 
best decoupling  sequence  when  resolving  power  is at  a premium,  as demonstrated  by 
some  recent  very  high  resolution  experiments  by  Allerhand  (25).  Only  at the  highest 
magnetic  field  intensities  for  protons,  or  for  highly  temperature-sensitive  samples,  or 
for  decoupling  19F, 13C or  15N should  the  extended  bandwidth  of  the  new  sequence  , 
be  necessary. 
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